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Abstract 8 
 Settling, dewatering and filtration of flocs are important steps in industry to remove 9 
solids and improve subsequent processing. The influence of non-sucrose impurities (Ca2+, 10 
Mg2+, phosphate and aconitic acid) on calcium phosphate floc structure (scattering exponent, 11 
Sf), size and shape were examined in synthetic and authentic sugar juices using X-ray 12 
diffraction techniques. In synthetic juices, Sf decreases with increasing phosphate 13 
concentration to values where loosely bound and branched flocs are formed for effective 14 
trapping and removal of impurities. Although, Sf did not change with increasing aconitic acid 15 
concentration, the floc size significantly decreased reducing the ability of the flocs to remove 16 
impurities. In authentic juices, the flocs structures were marginally affected by increasing 17 
proportions of non-sucrose impurities. However, optical microscopy indicated the formation 18 
of well-formed macro-floc network structures in sugar cane juices containing lower 19 
proportions of non-sucrose impurities. These structures are better placed to remove 20 
suspended colloidal solids.  21 
Keywords: Sugar cane; calcium phosphate; floc; floc structure; fractal dimension. 22 
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1. Introduction 23 
Extensive studies on the properties of flocs formed during solid/liquid separation of 24 
aqueous systems have been evaluated in applications such as water, wastewater, beverage and 25 
food industries (Bache and Gregory, 2007; Morton and Murray, 2001; Xiao et al., 2011). The 26 
characterisation of irregular aggregate structures was developed by Mandelbrot (Mandelbrot, 27 
1977) who introduced the concept of aggregates possessing self-similar structures which can 28 
be recognised as fractal objects. Aggregates are typically fractal objects and the 29 
characterisation of these aggregates can be determined by fractal analysis (Meakin, 1998). 30 
The technique of small angle laser light scattering (SALLS) was used to probe the aggregate 31 
structure or internal structure of the clusters by determining the fractal dimension (Df) values 32 
using the light scattering data obtained from the size distribution measurements. The Df of 33 
aggregates has been widely employed in the literature as it provides useful information on the 34 
aggregate structure (East et al., 2014; Greenwood et al., 2007; Logan and Wilkinson, 1990; 35 
Selomulya et al., 2001). Loosely held or more open floc structures have low Df values 36 
typically in the range of 1.6 to 2.4 (Witten and Cates, 1986), while more compact structure 37 
have a fractal dimension in the range of 2.5 to 3.0 (Schaefer, 1989). Loosely bound and 38 
highly branched flocs are attributable to effective trapping of micro-flocs and adsorption of 39 
particle impurities onto the surface of the floc network. Compact, densely packed and porous 40 
flocs are restricted from trapping impurities during sedimentation and as a result give rise to 41 
poor solution turbidity. 42 
In Australian and many overseas sugar factories, the typical clarification process is 43 
simple defecation, and so the main physico-chemical reaction when lime is added is the 44 
formation of calcium phosphate flocs. The calcium phosphate precipitate is mainly 45 
amorphous, and a high molecular weight flocculant typically, poly(acrylamide-co-sodium 46 
acrylate) polymer is added to bridge the calcium phosphate micro-flocs to enhance the 47 
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settling rate of the flocs. The precipitation of calcium phosphate flocs acts as a sweep to 48 
flocculate impurities and trap miniscule particles reducing the fluid turbidity. The floc 49 
settling behaviour, and in effect fluid shear, is influenced by the characteristics of the floc 50 
such as size, density, fractal dimension and porosity (Spicer et al., 1996). Prior to the 51 
clarification process, the sugar cane is harvested with the tops and leaves (viz., trash) 52 
extracted by either burning or, most commonly, removed using a mechanical harvester prior 53 
to processing the sucrose-rich stalk. Considerable amounts of residual fibrous material (i.e., 54 
bagasse), left from crushing the stalk to extract juice during the milling process is burnt in 55 
boilers as a low energy source for processing sugar cane juice within the factory, and used in 56 
electricity generation ( i.e., co-generation). The juice expressed from stalk is relatively easy 57 
to clarify and the calcium phosphate flocs formed are easy to settle, dewater and filter.  58 
However, to increase the amount of available bagasse so that it can be used for the production 59 
of value-added products such as cellulosic ethanol and chemicals and increase revenue for 60 
sugar factories, processing juice expressed from the whole sugar cane crop (WC) without the 61 
extraction of trash components  affects the operation and performance of a sugar factory. 62 
Processing of juice expressed from WC not only reduces product sugar quality and yield, but 63 
impacts on the efficiency of the evaporators (Kent et al., 2010; Saska, 2008). Kent et al. 64 
(Kent et al., 2010) observed that for WC clarification, the settling rates of the flocs were 65 
typically between 10 and 30 cm/min.  Higher settling rate value of the flocs between 40 and 66 
50 cm/min were consistently obtained with juices expressed from only sugar cane stalk. 67 
These settling rates allow good mud (i.e., flocs) compaction and no mud carry over with 68 
sedimentation clarifiers. 69 
A number of studies have been carried out to examine the floc structure in sugar 70 
solutions. Greenwood et al. (Greenwood et al., 2007) reported the average size and Df 71 
represented by the scattering exponent (Sf, as the size of the primary particles is not directly 72 
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proportional to the wavelength of the incident light) of calcium phosphate flocs formed in 73 
synthetic sugar juice solutions. The flocs structures were more compact in water than in sugar 74 
solutions prior to flocculant addition and this trend was also observed when the pH of sugar 75 
solutions were neutralised to pH 7.6 (Sf = 2.66) rather than pH 7.8 (Sf = 2.61).  In a recent 76 
study the authors examined the effect of the non-sucrose impurities starch, Na+ ions, SiO2 and 77 
phosphate ions on flocs formed in synthetic sugar solutions (Thai et al., 2015). The results 78 
from the study showed that the presence of Na+ ions or/and SiO2 ions affected the floc size 79 
and structure. There was a linear decrease in Sf, from 2.50 to 2.25 with increasing Na+ ion 80 
content, while the floc size generally increased. The drop in the Sf was not as significant with 81 
SiO2 as was obtained with Na+ ions.  Surprisingly, the floc size was not influenced by 82 
phosphate ions, though the floc structure was highest when 350 mg/kg as P2O5 of phosphate 83 
ions were added. Increasing starch addition was found not to affect the floc structure. The 84 
results obtained on the floc size with increasing starch addition showed no discernible trend. 85 
As an extension of this work, an investigation on the effect of the inorganic ions (Ca 2+, Mg2+ 86 
and phosphate ions), and aconitic acid on floc structure and size was carried out in both 87 
synthetic and authentic sugar juice solutions using small angle laser light scattering 88 
techniques, X-ray powder diffraction and optical microscopy.  These impurities are present in 89 
higher concentrations in the juices expressed from sugarcane trash than those expressed from 90 
sugarcane stalk. The information derived from the study was then used to determine the 91 
clarification performance of sugar cane juices containing different levels of non-sucrose 92 
impurities. 93 
 94 
 95 
 96 
 97 
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2. Experimental 98 
2.1 Preparation of calcium phosphate flocs formed in synthetic juice 99 
Synthetic sugar cane juice samples were prepared by mixing commercial white sugar 100 
(produced from sugar cane) and Milli-Q water (18.2 MΩ.cm, Millipore Purification System, 101 
Sydney, Australia).  Lime saccharate was prepared with 725 g/L of sucrose (Sigma-Aldrich, 102 
Castle Hill, NSW, Australia) and 50 g/L of Ca(OH)2 (Chem-Supply, Gillman, SA, Australia).  103 
The appropriate amounts of Ca(OH)2, KH2PO4 (anhydrous, Chem-Supply), MgSO47H2O 104 
(anhydrous, Merck, Kilsyth, VIC, Australia) and aconitic acid (Sigma-Aldrich, Castle Hill, 105 
NSW, Australia) were accurately weighed to obtain 500 mL of synthetic juice solutions 106 
containing 0-400 ppm of CaO, 0-333 mg/kg of P2O5, 0-1000 mg/kg as MgO and 0-1500 107 
mg/kg of aconitic acid. The concentrations of these components were around the standard set 108 
of values as shown in Table 1. These components (and concentrations) are typically found in 109 
sugar cane juice streams. Different amounts of phosphate, Ca2+, Mg2+, and aconitic acid were 110 
added to the synthetic juice solution prior to liming in order to examine the influence of each 111 
component on floc structure and size. 112 
The formation of calcium phosphate flocs was obtained by drop wise addition of 113 
freshly prepared lime saccharate to heated synthetic juice solutions (76 ± 2 °C) to pH 7.8. The 114 
pH of the juices was measured using a portable pH meter (Hach H 160, Cleveland, CO, USA) 115 
with a glass probe (model 93×218814, Eutech Instruments, Singapore). The conditions used 116 
were to simulate the clarification process in Australian sugar mills. The limed juices were 117 
then boiled for one minute before transferring the solution to a temperature controlled oil bath 118 
maintained at 98 ± 2 °C. The treated synthetic juices were subsequently analysed in random 119 
order. 120 
 121 
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2.2 Preparation of calcium phosphate flocs formed in sugar juice solution 122 
Sugar cane juices that were obtained from hand-cut cane located in the fields of 123 
Rocky Point, Queensland, Australia during August 2012. One hundred and fifty (150) 124 
randomly chosen whole-stalks with green leaves still attached were collected and separated to 125 
obtain the stalk and trash components. The cane components were crushed through a two-roll 126 
laboratory mill (430 × 220 mm roll, 12.8 mm groove pitch, 12.0 mm groove depth, 4 rpm 127 
operating speed and a 7.5 kW motor, Sugar Research Institute, Brisbane, Australia) and the 128 
juices were collected after pressing through a 1 mm mesh sieve. All juices obtained were 129 
stored at –20 °C and thawed prior to chemical analyses and clarification experiments. 130 
Jar tests were conducted to obtain calcium phosphate flocs formed in several juice 131 
samples prepared from stalk with varying amounts of juice expressed from trash. For each of 132 
the jars tests, the juice samples (50 mL) were maintained at 76 °C and stirred rapidly at 200 133 
rpm after lime saccharate was added drop-wise until the juice pH reached 7.8. The 134 
coagulation process after the addition of lime was conducted under the following conditions: 135 
rapid mixing at 200 rpm for 1 min, followed by slow mixing at 40 rpm for 15 min, boiling to 136 
remove entrained air and then 5 mg/kg of flocculant (Magnafloc LT27, acrylamide/acrylate 137 
co-polymer, MW=23×106 Da, TD Chemicals, Robina, QLD, Australia) was added before 30 138 
min of quiescent settling. 139 
2.3 Analysis of juice 140 
The total soluble solids (i.e., the °Brix of the juice) were determined using a digital 141 
refractometer (RFM 342, Bellingham and Stanley Ltd., London, UK) accurate to ± 0.01°Brix. 142 
Starch was determined spectrophotometrically following the ICUMSA VSI Method No. 3 143 
(ICUMSA, 2007). Proteins were isolated from the juice by gel filtration using PD-10 144 
desalting columns pre-packed with Sephadex G-25 (GE Healthcare, Rydalmere, NSW, 145 
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Australia), and the concentration was determined using the BCA protein assay kit (Thermo 146 
Scientific, Scoresby, VIC, Australia). Polysaccharides were calculated based on the 147 
procedure described by SPRI (Roberts, 1981). Inorganic ions were determined using a Varian 148 
Vista-MPX CCD simultaneous inductively coupled argon plasma optical emission 149 
spectrometer (ICP-OES, Varian Inc., Mulgrave, VIC, and Australia). Organic acids were 150 
separated from the sugar matrix using QMA anion exchange Sep-pak cartidges (Waters, 151 
Milford, MA, USA) and the concentration of the acids determined using a Waters HPLC 152 
system (model 717) and two Bio-Rad HPX 87H columns (300 mm × 7.8 mm i.d.) with a 153 
guard column (40 mm × 4.6 mm i.d.) connected in series at 35 and 85 oC respectively. The 154 
organic acids were detected using a Waters 2487 dual λ absorbance (at 210 nm) detector and 155 
Waters 410 refractive index detector. The eluent was 8 mM sulfuric acid (sparged with 156 
helium at 10 mL/min) at a flow rate of 0.4 mL/min (Blake et al., 1987).  All measurements 157 
were conducted in triplicate. 158 
2.4 Characteristics of flocs 159 
Bulk X-ray powder diffraction analysis (XRD) was carried out on the precipitates 160 
using a PANanalytical X’Pert MPD, Cuα (1.5418 Å). 161 
The floc size was determined by small angle laser light scattering (SALLS) using a 162 
Malvern Mastersizer S Particle Size Analyser (Malvern Instruments, Southborough, MA, 163 
USA), which measures the size of particles within the range 0.05 to 900 µm (Thai et al., 164 
2015). The instrument consisted of a He-Ne laser light (λ = 632.8 nm) as the light source and 165 
an optic lens and photosensitive detectors.  The scattered light was collected at angles 166 
between 0 and 46°. An integration time of 40 s per curve was chosen to compromise 167 
measuring speed and data quality. The light obscuration level of the samples was maintained 168 
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between 10 and 30 % for reliable measurements and aliquots of the samples were injected 169 
into a small dispersion unit containing Milli-Q water. 170 
The size information of aggregated particles was monitored during coagulation by 171 
performing the same procedure as the jar-tests. The formation of calcium phosphate flocs 172 
when lime saccharate was added to the juice sample were found to be relatively 173 
polydispersed with a mean diameter ranging between 15 and 50 µm. The mean size of 174 
primary flocs was immediately recorded after coagulation of calcium phosphate flocs at 200 175 
rpm for 1 min.  176 
Prior to measurements, the alignment and background readings for the Mastersizer 177 
were conducted. Milli-Q water was used for the background check to ensure consistency. 178 
Measurements were taken every 30 s for 5 min and all measurements were repeated 10 times 179 
during each sequence to ensure that consistent results were obtained. The raw scattering 180 
depicted a logarithmic trend when plotted against scattering angle.  181 
The size information of aggregated particles was monitored using a standard 50 mL 182 
sample dispersion unit connected to the instrument. The particle diameter at the 50 volume % 183 
undersize point (d50) in the distribution was the variable obtained to describe the particle size 184 
during the process. The d50 diameter describes the average sizes of the particles and allows a 185 
comparison between different juice types. The error of determination was estimated as ±5% 186 
Particle aggregation is initiated by particle-particle collisions result in the formation 187 
of micro-flocs. These micro-flocs interact via particle-aggregation and consequently 188 
aggregate to form a large floc network, which is porous and has an open structure and can be 189 
defined by Df. The fractal dimension relies on the Rayleigh-Gans-Debye (RGD) scattering 190 
theory underlying the interpretation of the scattering data.  On the basis of RGD scattering 191 
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theory, independently scattered aggregates (I) is associated with Q and Df and the following 192 
relationship is derived: 193 
                                                            - fDI Q                                                 (1.1) 194 
where,  I = measured scattered intensity of aggregates 195 
  Q = scattering momentum 196 
  Df = fractal dimension 197 
Scattering momentum, Q, is used to characterise the incident and scattered beam 198 
following the relationship in Equation 1.2:  199 
                                         
4 sin
2
Q                                                  (1.2)  200 
where,  θ = scattered angle 201 
  λ = wavelength of light in vacuum 202 
  n = refractive index of the surrounding medium 203 
The power relationship, Df, can be determined from the slope of a linear curve on a 204 
log-log plot of scattered light intensity, I, versus scattering momentum, Q (Selomulya et al., 205 
2001). 206 
The relationship shown in Equation 1.1 is only applicable when the wavelength of the 207 
laser light is significantly larger than the primary particles and smaller than the floc 208 
aggregate. Hence, in this application, the magnitude of Df may not provide the true Df and the 209 
value is typically termed ‘scattering exponent’ (Sf). 210 
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The Guinier regime was also determined from the log-log plot denotes the radius of 211 
gyration (R'G) which is measured as follows (Selomulya et al., 2001):  212 
                                               
2 2
'
2
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i
G
i
i
m R
R
m


                                               (1.3) 213 
where,  R'G = radius of gyration 214 
mi = mass of each aggregate 215 
RGi = radius of gyration of each aggregate 216 
 217 
The Sf and the R'G of floc aggregates were determined by using a Malvern Mastersizer S 218 
Particle Size Analyser. These measurements were calculated by constructing a log-log plot of 219 
scattered light intensity versus scattering momentum (Selomulya et al., 2001). 220 
2.5 Light microscope imaging 221 
An Olympus BX41 System Light Microscope equipped with an Olympus DP71 222 
Microscope Digital Camera (Olympus, Melville, NY, USA) was used to obtain black and 223 
white images of calcium phosphate flocs formed in juice samples. The flocs were observed 224 
using three different magnifications of ×10, ×40 and ×60, although the resolution of these 3-225 
dimensional calcium phosphate flocs was best at 10 times magnification. 226 
2.6 Statistical analyses 227 
Partial least squares is an algorithm which is used to develop a linear regression 228 
model using non-linear data by projecting predicted and observable variables into a new 229 
plane. This method is particularly useful when predictions need to made for dependant 230 
variables from a set of independent variables. Mean values were obtained in duplicate.  231 
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Analysis of variance (ANOVA) and tests of significance were performed using 232 
Minitab version 16.1.1 (State College, PA, USA) with a confidence level of 95%.  233 
3. Results and discussion 234 
3.1 Effect of inorganic ions on floc structure  235 
The effect of phosphate and Ca2+ (which are calcium phosphate lattice-forming ions), 236 
magnesium (which is known to affect the phase of calcium phosphate formed (Doherty, 237 
2011), and aconitic acid (the major organic acid present in sugar cane juice) on the scattering 238 
exponent (Sf) and average size (d50) of flocs formed in juice is shown in Table 2.  239 
Increasing the concentration of phosphate (as P2O5) significantly affected the structure 240 
of the flocs. At low concentrations of P2O5 (0 – 130 mg/kg), the flocs are compact in nature 241 
(Sf = 2.50-2.60). However, above 130 mg/kg there was significant drop in Sf. The Sf value 242 
dropped to 2.10 after the addition of 340 mg/kg P2O5. Increasing the amount of P2O5 243 
increases the amount of calcium phosphate formed, and perhaps also influences the type of 244 
phases formed because of different Ca/P molar ratios.  In the sugar factory, the rule of the 245 
thumb is that, addition of 300 mg/kg of P2O5  to juice that contains very low levels of 246 
phosphate gives the best clarification performance in terms of floc structure and size, and 247 
hence the removal of suspended solids.  So, the Sf value of ~2.1 could be regarded as ‘ideal’ 248 
floc structure for effective removal of non-sucrose impurities. The ability of these loosely 249 
held structured flocs to trap impurities during flocculation is enhanced with increasing 250 
concentration of phosphate as the amount of flocs formed increases. However, surplus 251 
phosphate will negatively impact on the quality of clarified juice as unreacted phosphate in 252 
juice would contribute to an increase in juice turbidity as well as scale formation in the 253 
evaporators and poor filterability of the product sugar (Doherty, 2011). The Sf value reported 254 
here is far less than the value of 2.69 reported in our previous work (Thai et al., 2015). In that 255 
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study, the synthetic juice contained SiO2, dextran and starch, which in addition to the other 256 
impurities would invariably affect Sf.  257 
The decrease in juice pH due to the addition of phosphoric acid (as phosphate), led to 258 
increases in the amount of dissolved magnesium and silica (Doherty, 2011). The consequence 259 
of this is increasing scaling of the evaporators by the formation of insoluble silica, silica 260 
magnesium compounds and calcium magnesium phosphate(Doherty, 2011). So, while 261 
phosphate addition generally improves juice quality, it is important not to add excessive 262 
amounts phosphate to juice.  263 
Table 2 shows differences in the size of the flocs with increasing phosphate addition. 264 
The average size of the flocs obtained with only the synthetic juice is 22 µm. However, the 265 
addition of 70 and 130 mg/kg of P2O5 reduced the floc size to 10 µm. Further addition of 266 
phosphate increases the floc size to up to 30 µm. presumably, the initial addition of phosphate 267 
provides additional sites for more calcium phosphate to form resulting in a size decrease, and 268 
thereafter further addition of phosphate allows increased growth of the flocs. So, the changes 269 
in Sf with increasing phosphate addition may be related to the size of the calcium phosphate 270 
particles and how they aggregate. X-ray powder diffraction (Figure 1) was used to analyse 271 
the precipitates derived from 0, 130 and 330 mg/kg of phosphate (as P2O5) added to the 272 
synthetic juice. This was to establish whether there are differences in the phases obtained 273 
with varying proportions of phosphate, and helps explain the trend in Sf value. An amorphous 274 
phase is present as a major component in these samples. This is due to the presence of a 275 
broad peak (highly diffused) or halo with a d-value of 2.56 Å (Nakamura et al., 1989). The 276 
main crystalline phase in the samples is calcite (i.e., CaCO3). With increasing phosphate 277 
content, the peak with a d-spacing of 3.05 Å (characteristic of calcite formation) also 278 
increases in intensity. So, the formation of a higher proportion of CaCO3 will affect the floc 279 
structure (mainly amorphous calcium phosphate) and the proportion of impurities trapped. 280 
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The concentrations of divalent ions, Ca2+ and Mg2+ have little effect on floc structure 281 
(Table 2). The Sf values for both systems were in the range 2.20-2.30 for Ca2+ ions and 282 
slightly higher values of 2.35-2.45 for Mg2+ ions. The presence of magnesium ions has been 283 
reported to reduce the solubility of tricalcium phosphate, and can partially replace calcium in 284 
the crystal lattice resulting in the formation of calcium magnesium phosphate as Mg2+ ions 285 
are capable of forming stronger complexes with phosphates than Ca2+ (Grossl and Inskeep, 286 
1991). As such, they would be subtle differences in the compositions of the flocs derived 287 
from Ca 2+ ions and Mg2+ ions. Table 3 shows that there is no discernible trend in the floc 288 
size with increasing addition of Ca2+ or Mg2+. However, higher Ca2+ ion concentrations 289 
reduced the floc size, while the reverse is so with Mg2+ ions. In many sugar factories around 290 
the world, where scaling of the evaporators is a major problem, dolomite (which is a mixture 291 
of calcium and magnesium oxides) is used in liming in order to reduce scaling intensity. The 292 
downside of this is a poor quality of clarified juice obtained due to reduced levels of Ca2+, 293 
which is naturally a good coagulant. 294 
3.2 Effect of aconitic acid on floc structure and size 295 
Aconitic acid is one of the major organic acids present in sugar cane juice and the 296 
amount varies during the season, between locations, and the type of sugarcane cultivars. 297 
Increasing the dosage of aconitic acid appears to have a very slight effect on Sf. As such, the 298 
natural variation encountered with aconitic acid content in juice during the season will not 299 
influence Sf. However, the size of flocs formed under the influence of added aconitic acid 300 
increased from 22 to 28 μm when 500 ppm of aconitic acid was added to the synthetic juice. 301 
Further addition resulted in a significant decrease in the floc size to 10 μm. Aconitic acid is a 302 
known chelant and so would bond with Ca2+ reducing the amount of free Ca available for 303 
calcium phosphate formation. This would invariably affect the size of the flocs. Organic acids 304 
(e.g., aconitic acid and citric acid) are known to inhibit the precipitation of calcium 305 
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phosphates (Grossl and Inskeep, 1991). They have a buffering effect on juice solutions and 306 
hence control the amount of lime saccharate added to juice to reach the final pH of 7.8, which 307 
in effect would lead to increased amounts of Ca2+ ions added to the system. As such, the 308 
amount of calcium phosphate nuclei would increase, thereby reducing the size of the flocs 309 
formed with increasing aconitic acid.  310 
X-ray powder diffraction of the precipitate formed with aconitic acid concentration of 1000 311 
ppm showed higher peak intensities associated with calcite formation relative to the 312 
precipitate formed with just the synthetic juice on its own. It is likely that in this situation, the 313 
average size of the calcite particles increased.  As with phosphate, the presence of calcite may 314 
also influence the aggregation of the flocs. 315 
3.3 Effect of trash on floc properties 316 
The composition of juice expressed from the stalk and trash were determined to 317 
demonstrate the magnitude of the differences between these juice types, and to provide a 318 
guide on the most likely impurities that impact on the clarification process. Table 3 presents a 319 
summary of the composition of sugar cane juice expressed from different components of the 320 
cane plant, calculated using ANOVA and least squares means. Different magnitudes of each 321 
constituent were observed between the stalk (S) and trash (T) components indicating that the 322 
juices acquire different physicochemical properties. The starch, proteins and polysaccharides 323 
content found in juice expressed from T were almost twice as high compared to juice derived 324 
from the S. The predominant organic acid found in sugar cane juice is trans-aconitic acid and 325 
this component was found to be present in trash in relatively high levels of approximately 326 
twice that present in S. Oxalic acid in present in significant proportion in T compared to the 327 
value present in S, and will be reflected in higher amounts as calcium oxalate in evaporator 328 
scale. 329 
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Inorganic ions have a significant effect on downstream processing of sugar cane juice, 330 
particularly soluble phosphorus and calcium, which contribute to calcium phosphate 331 
precipitation during clarification together with calcium phosphate scale in the evaporators. 332 
High levels of calcium also contribute to the formation of other scale types. Other inorganic 333 
ions such as silicon and magnesium, that are naturally derived from the cane plant, contribute 334 
to the formation of composite complexes in juice alongside trans-aconitic acid and calcium 335 
(Doherty, 2011). They contribute to the nature and type of scale formed. The concentration of 336 
the major inorganic ions phosphorus, calcium and magnesium in juice derived from T is 337 
significantly higher than that of S by approximately 2.2, 9.6 and 7.8 times, respectively. 338 
Soluble sodium and potassium ions were significantly higher in T than S as shown in Table 2. 339 
Sodium ions are known to have a melassigenic property (i.e., a substance that binds to water 340 
and sucrose) which leads to a reduction in the amount sugar crystallized in the pans (Doherty, 341 
2011). 342 
Table 4 presents the measured d50, R'G and Sf values of primary flocs formed in real 343 
sugar cane juices containing varying amounts of trash impurities. The calcium phosphate 344 
flocs were measured under the initial rapid stirring of the suspension immediately after lime 345 
saccharate was added. 346 
The calcium phosphate flocs formed in each of the five different juice systems (where 347 
sample S0T represents juice expressed from stalk alone) after lime saccharate was added 348 
resulted in average particle sizes of between 16.9 and 22.0 µm, similar to those reported in 349 
the present  and previous studies (Greenwood et al., 2007). Increasing the amount of 350 
impurities associated with trash, as is evident in S80T increased the d50 values by up to 30 %. 351 
The increase in size of the flocs may be related to a higher phosphate content in the juice, as 352 
shown in Section 3.2. 353 
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The relatively larger average size of juice particles derived from juice containing trash 354 
may prevent spontaneous coagulation to coalesce into larger flocs (based on the proportion of 355 
impurities on the particles’ interface) due to the thickness of the electrical double layer and 356 
repulsive forces which exist between particles (Deben, 1976). This will contribute to slow 357 
settling of the floc aggregates, as they will be of lower density. 358 
Table 4 also presents the results of the radius of gyration (R'G) obtained from the slope 359 
of the Guinier regime. The R’G values complement the d50 values shown in Table 4. The 360 
extent of compression of the electrical double layer of particles derived from the S10T 361 
samples was further enhanced compared to S0T juices.  However, increasing the amount of 362 
trash reduces the extent of compression of the electrical double layer, which is associated 363 
with the R'G of the floc aggregates. The R'G of the primary fractal aggregates increases from 364 
0.72 to 0.83 for the samples analysed containing up to 80 vol% of trash. 365 
As presented in Table 4 the Sf values for the various juice systems are between 2.18 366 
and 2.29, indicating loosely held floc structures (Witten and Cates, 1986) had formed, which 367 
is necessary for ‘sweeping, adsorption and trapping of suspended fine particles during 368 
clarification (i.e., sedimentation). On the basis of these results, the Sf values do not appear to 369 
be significantly affected by the composition of juice. The slight increase in Sf values with an 370 
increase in impurities derived from T could possibly be due to the presence of aconitic acid. 371 
As revealed in section 3.2, aconitic acid is shown to increase the Sf value of the flocs. 372 
In the previous work of the authors (Thai and Doherty, 2013), the influence of non-373 
sucrose impurities on the interactive energy contributions between sugarcane juice particles 374 
were examined on the basis of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. It 375 
was found that juice particles derived from WC were more difficult to coagulate and 376 
flocculate, as the higher concentration of the non-sucrose impurities reduces the van der 377 
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Waals forces of attraction between particles.  It is hypothesized that the differences 378 
encountered in clarification performance of the juices expressed from stalk with and without 379 
the trash component may also be due to the configuration of the micro-flocs in the floc 380 
network. Also, the smaller primary particles associated with juice particles from S0T may 381 
form more uniform floc aggregates. The relatively smaller primary fractal aggregates 382 
obtained with S0T will have higher surface areas that will be capable of adsorbing more 383 
impurities. 384 
3.4 Optical images of flocs 385 
The optical images of the flocs were examined under an optical microscope and the 386 
images are shown in Figure 2. Visually, the morphology of the macro-flocs formed in the 387 
juice derived from stalk with and without trash impurities are distinctly different, while the Sf 388 
values (Table 4) of the micro-floc formed in these juices are only marginally different. The 389 
macro-flocs formed in juice expressed from stalk are interconnected in network structures. 390 
With this arrangement, the flocs have a better chance of trapping suspended solids during 391 
settling via sweep flocculation, thus reducing juice turbidity. The flocs formed in juice 392 
expressed from S20T (e.g., equivalent to juice expressed from whole crop) consist of a 393 
myriad of smaller micro-flocs in a highly porous medium. A consequence of this is an 394 
inefficient system incapable of effective removal of suspended impurities. It is likely that the 395 
higher Na content in juices with trash impurities contributed to the repulsion between the 396 
micro-flocs as Na is a well-known dispersant. 397 
Results from this work has shown that aconitic acid significantly impact on the size of 398 
the calcium phosphate flocs, while the higher Na+ concentration will contribute to the 399 
dispersion of the floc aggregates. The consequence of these effects is increase in the intra- 400 
and inter-voids within flocs, and hence low flocs of low density. There is no cost-effect way 401 
for the removal of aconitic acid or Na+ ions from juice.  As such, strategies that may be 402 
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investigated to process juices expressed from WC should consider increasing the bulk density 403 
of the flocs, and/or influence their surface chemistry to allow more particle-particle 404 
interactions. The use of multiple-flocculation, shearing to increase particle-to-particle 405 
collisions as well as the addition of high density particles are suggested approaches that need 406 
to be investigated. These approaches are intended to improve the settling of the floc 407 
aggregates.  The addition of sparingly soluble salts such as CaSO4.2H2O (i.e., gypsum), may 408 
also be beneficial as it will reduce the inter-voids (by adsorbing the juice) as well increase the 409 
floc density. 410 
4. Conclusions 411 
It was found that in synthetic juice solutions, the addition of soluble inorganic 412 
phosphate and aconitic acid (which are significantly higher with juice derived from trash) 413 
significantly influenced the structure of the flocs. While the former resulted in the formation 414 
of loosely held flocs capable of effective sweep flocculation, the latter resulted in more 415 
compact flocs and very small-sized flocs which will limit the amount of suspended material 416 
trapped.  With sugar juice solutions, trash impurities increased the electrical double layer of 417 
particles and this resulted in less effective coagulation and flocculation of the juice particles. 418 
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Tables and Figures 484 
Legends of Tables 485 
Table 1:  Composition of synthetic sugar cane juice samples 486 
Table 2: The effects of phosphate, Mg2+ ions, Ca2+ ions and aconitic acid concentrations on 487 
the scattering exponent (± 5%) and average size (± 5%) 488 
Table 3: Composition of sugar cane juice expressed from stalk (S) and trash (T) 489 
Table 4: Size (d50), radius of gyration (R'G) and the scattering exponent (Sf) of primary fractal 490 
aggregates formed in sugar cane juice 491 
 492 
Legends of Figures 493 
Figure 1: X-ray powder diffraction of floc formed with control (top) and with 340 mg/kg 494 
P2O5 (bottom) 495 
Figure 2: Microscopic images (×10 magnification) of flocs formed in sugar cane juice 496 
expressed from stalk (left) and WC (right) 497 
 498 
 499 
 500 
 501 
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 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
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Table 1 512 
Component Concentration (mg/kg) Substance 
White sugar 120,000 Sucrose 
Ca(OH)2 300  CaO 
KH2PO4 (dry) 265  P2O5 
MgSO4.7H2O 400  MgO 
trans-acontic acid 1000  Organic acid 
 513 
 514 
 515 
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 520 
 521 
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 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
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 544 
Table 2 545 
 Scattering exponent, Sf Average floc size, d50 (µm) 
Phosphate, as P2O5 (mg/kg)   
0 2.5 22 
70 2.60 10 
130 2.60 10 
260 2.30 15 
340 2.10 30 
CaO (mg/kg)   
100 2.30 24 
200 2.20 30 
300 2.25 16 
400 2.25 16 
MgO (mg/kg)   
400 2.40 19 
800 2.45 18 
1000 2.45 30 
Aconitic acid (mg/kg)   
500 2.20 28 
1000 2.30 17 
1500 2.40 10 
 546 
 547 
 548 
 549 
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 550 
Table 3 551 
 Average values (mg/kg on dry solids)^* 
 Brix (°Bx) Starch Proteins Polysaccharides 
S 18.6 a 932 c 10240 c 19395 b 
T 10.2 c 2050 a 21794 a 47006 a 
 trans–
Aconitic 
L–Malic Oxalic cis–
Aconitic 
Citric D–
Gluconic 
Succinic 
S 2457 b 671 b 124 b 476 b 577 b 281 b 153 b 
T 4233 a 990 a 413 a 791 a 952 a 500 a 261 a 
 Cl Al Ca Fe K  
S 3759 c 1.82 c 255 c 82 c 11724 c  
T 17505 a 3.22 b 2443 a 149 a 38821 a  
 Mg Na P S Si  
S 288 c 9 c 1916 b 7000 c 341 b  
T 2212 a 225 a 4165 a 12666 a 440 a  
^ n = 3.   552 
*By using partial least squares, mean values within a column and block of rows with the same letter indicate no 553 
significant difference between the juice types  554 
(P < 0.05).  555 
 556 
 557 
 558 
 559 
 560 
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 Table 4 561 
Sample  Description of juice d50 (µm) R'G Sf 
*S0T Juice expressed from 
stalk only 
16.9 ± 0.4 0.72± 0.01 2.18 ± 0.01 
S10T Stalk with 10% (v/v) 
trash 
18.7 ± 0.8 0.61± 0.01 2.20 ± 0.01 
S20T Stalk with 20% (v/v) 
trash 
18.5 ± 1.5 0.78± 0.01 2.19 ± 0.01 
S40T Stalk with 40% (v/v) 
trash 
20.5 ± 1.6 0.83± 0.01 2.27 ± 0.01 
S80T Stalk with 80% (v/v) 
trash 
22.0 ± 0.6 0.74± 0.01 2.29 ± 0.01 
*S represents juice expressed from stalk, the numeral, e.g., 10 represents % (v/v) trash, and T 562 
represents juice expressed from trash.    563 
 564 
 565 
